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REFLECTED-SHOCK INITIATION OF EXPLOSIVES

E.N. Fermand [ M Hall

Explosives Fechnolozy and Apphcatons Division
[.os Alamos Natonat [Laboratory
[.aos Alamos, New Mevico a/S 4

sumpuions and results o1 the anaivsis

N 4 study o6 INnatons caused by retlected shock trom a high-nnpedance boung-
ary attem:pts to establish sutticient conditions tor inianon are descnbed. Shock
polar analysis is used to discover the ranges of vanous tlow regimes. peneral
shock structures and pressure esutnites of states behind the retlected wave. Using
this knowledge, wave structure growth rates trom hydrocode simulations are esu
mated and standard -shock initiation critenia are used; expenments are desiened n
which the initiation from a reflected-shock wive structure appears hikelv, Twoex
penments are desenbed i wiach aretlected shock wave tronta oranin suntawe
mitiied PRX 9502, Phe expertinental ey rience 1o vood aeteement with the as

TRODUCTION

Shock midnon o explosives has been studied ex
tensive by and has resulied m usetul maodels that desenibwe
the run o detonation. eiven the wnal shock pressure.
The expenments leading w these models were desizned
1 chminare boundary cticers. The work presented here
studies the intluence ot high unpedance boundanies on
shock mmanon of explosives. When boundanes ire in
cluded in the problem, more analysis s 1euired to de
termine the etfect of wave retlections trom the bound
artes, Our approach to this problem wis to examine the
shock structure ot the nonreiactive retlected wive prob
lem using shock polar analysis and hydiocode sl
tnons.  We then looked tor the shock structures that
appear hikely woomnate the explosive, considenimne the
hnorva eaplosive properties

I'o abin the shock suuctie, we stadied the simple
peometncal conhigumuon ot the retlecuon of 4 nomeae
tive, plane shock travehny in the explosive impacting a
tlat lngh impedance metal plate ke uanm.  In s
case, clasucal shock polar theory applies. This simple
analysis determines the pressure behind the retlected
witve a8 a tunction of the mieracuon angle amd incudent
shock pressure. 11 the wave retlection 1y regular, the 1n
cident wave and the retlecied wave nre attached 1o the
wall. I it iy anegular, a4 more comphicated shock stiue
ture must exist between the mcadent and ietlected shinck
ancd the wall m order 1o satsty boindiny condinons
Shock polar analysis s only alocal amalvaes, apd i hay
Intatons beceause the tlow conliguianons e assuimed
i order 1o do the analysis  Our hvdrocosde caleulations
of the wave retlecnon problem wete made 1o viidate the
“hock polme analvses and 1o obtiin vroweh e
mlormation ol the nepalar wetlecnon

To find a case m which g rerlected shock s Likely o
antrate an explosive, we expeced the iallowing condi
nons must be me: 1) the incudent shock must not de
wenwtize the explosive, ! C) the amphibed pressare niist
heosusbaned over the distances approvinate s equal to
the single shock tun (o detonanon distanc e correspond
g 1o the amplitied pressure, and 3 the pressure must
be sustuned over i width ot explovive approxiniately the
wame iy the tudwe radins of the explosive.’ These
condinons are the same used onany shock o esomante
whether intttaton nvht ovein, the oniy ditference 1s thig
weoare applvinge them o a focal aoos stoacuare thit
VCCUES BOm G bounday imteracuon

All the experimental work teported here studies the
intistion of PRX 950 by retlected swaves trom aramum
boundaties  For PHX 950, we tound that wepualan e
Hecnion was most hhely to tesnlt momitanon The pi
mary reason s that the wmiepulat retlecnon results wan
amphified pressure wave tunning into explosive that was
not preshocked  This wave stiucture, otten reteted to
as a Mach stem or Mach etlection, 1s not the classical
inple-pont solunon, but ruther # curved siem structure,
We will discuss the analysis that suppests shock mnitin-
non with an areguliar retlecnon or Mich ietlection s
possible, two experiments m which such imnation was
detected ton PRX 9% and posaible sitations that may
deprade or enhance the etteet.

CHARACTERIZATION OF
WAVE BERAVIOR

REFLECTIVE

FOCAL ANATYNIS

The peometineal contrentanon we tadied e plane
Do ko dent on g tae e plae A e appleed the
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retlection e explosive. With appropriie edudions o}
state isee Fable 1

When a sHock Wave ODDAUCIY ¢NCouners o heth
Hpedance IMCrkce, o basie Knas o shock retlecinon
oceur. Regular setiecuon s the case in wineh the ine
dent wive and the retlectied wave intersect ar e intertice
(Fig, La, drregutar retlecuon includes atl other possy
blities. of which there are nuny. Fhe inost toneus o
regwiar rerlecuon s Cclissiein T Maeh relieciton in winen
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CICICTACTION TS U G ARIC S hodk SPUCTHIG A
~onbet discontnuity separitime the doable shocked
muateral rom the siede shocked niueral that has towed
throuen the stem structure see oy For hreviy,
SV MWL S TEHECTON SUUCtIEe al Teatire s Gsem, wiere
ANEHELE SHOUKR DIOCESSCS TTRHCTHLL TTONY 2210 PIessure Lo
the ampiificd pressure behind the rediecuon, wiil be
catled o Mach retlection
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In the focad shock polag anadvaas, the Hosw o the e
prons delinested by the shocks psaesamed o b one o
menstei Shock qump conditions (consernyaton ol
mass, momnentint and suereyv subyect e cguation ot
Atate) are satistied ac ovy cach shock  The ncidem
shock turms the Hew woward dhe waldl and the retlecred
wave tnns the How pack away trom the wall  Ap the
walls, the boundiny conditions e such that the flow
Iehind the shock structire must be patallel to the tlow
the wall and pressure 1s connivuous actoss the boundary
An rregular retlection appems when ategalar retlecnon
cannot meet this companbiity conditton

The shock polar o the pressute tlow angle plane 1y a
convenment nicans of exannmng the possible solunony
Fapane 2 mdhicates how the shock polat s genenited  the
phase velevity Vs tived weud the anele o between this
velociy vecton and the shes ko vaned Tap condihons
e iserd o caleulate the notmal component ol the velixe
iy belund the shock, and Becanse the taingenisil compo
nent s unabtered, uee tlaw anpele can also be tonnd
Flone wirle oand the pressate, the twao vanables ot sy
el are plotted i by 4 The pobae Ledweled f
the srates aclnevabte bebimed the cadent show b
Lu Labeled K

ooty
The po
e ates the e ey abde bebind the

retlected shoen starnee from the sate et the medent
ok he polar Laocled Foandicates ihe states acuey
able hetind the shock tansimited e the uranme In
tepular retteviion caee b Yo e tlow belund the
Bk stactre satsbes the boumndary cenditions at the
atersecaon ot the ooand K poiars anere e tlow
actors e scb e poralle D and ne precaee pradiept evasts
actoss the wall
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FIGURE 3a. SHOCK POLAK TOR REGUT AR
REFLECTION IN PRX 900

Y

FIGURE b SHOCK PO AR TOR IRREGUT AR
REFLECTION IN PRX 950!

In Mach retlection (see B A the B oand B polars
donot oncrsect B amd B had suersedted at newe than
one point, i Cclissical” Mach cetlectnon woubd be a
possible solutian Ity ciase. however, the modem
Jiow howilE cive e the wall ecappnoached 1 the o s
gt steady, s analvaes can be contmuied Ty
Lastmpion s equivalent o assannne that the oo does
not prow onse e scade ol gerestan thess calondaony
Continnng, we hind that the tow belnnd the ALch e
at the wall eospeatied by the wmeeecnon ot the B oaned
pobies bathenmore the v on the cursed N haem
i posstrons degprhaced from e sall Bie onthe 4 polae
betw e n the miteres ons ot Foaadh the 1o K opalare
HWecune of this conbmaou s vpteon the et e

AoTIton ar thie siae ot e Nach steim ot e crowth ke
ov lost. However, the shape ot the 1 ol indieies tat
some region ol e How wil have reacned ampliticd
STUSSULE eV CIN DOm0 aneie s tock cthe ton ot the
ovk Dobal iy tentnen ity 1 aer e watl prossuie ot
SIS SOLUBION MW LD dseed s THe STEn pressuie esunile.

Solauons 1o e retlectnon prodlent can also be plot
ted i the pressure sntenchon aneie plane i s case.,
S WAL DIESSUTE DEDHLT The S recTed Wave Is eiven ias .
SUICHON AL THE IR LACHOn ke Tob Bed ivident shoch
pressute That was aone tor - kb mcugent shock i
e

FIGURI | PITE W AT PRIESSURE:
INTI RACTION ANGHE PLOT FOR N B Rhae
STHOC K THE  OPEN Palsbs INDICATL
FIGUTAR Prriho oS S HERP A TN
SOLID POINES TN NI TR G AR SHOCK
FETTHCTION

b crther vevubar o Nl cetiecnon, the pressare 1
elevated toa level that sl inoate noehock ed PRX OSO2
In rerutar retlecnon, the clesated pressures prapughiies
ey parennal that noe been preshecked and desensized
by the i ident wave o ~ome extent In Mach aaetlecnhion,
however, the stem, willy ad b renthy elesated pressoee
hehund . propagates o instuscbed exploave sod ep
tesents a hikely mmuanon mechasme The shoack polan
amtlysiy s comverent fer gy cnncal aneles ad et
males ut pressuies, however, the analysis does not lewl
to any growth cte miotmaton, nor doesat exannne the
Aabthity ol the those contpepar e [or aswer these
questions we cvannned this tlow waan the MESA hy
drodynanie - aonde

HYDRERODE ANALY SIS

MWoath M SN wealonlbated v eral rethecved wane
olutian prescanes amd merac o aneie, gt ot
S mesh Shoswrm Foone o b dealatnon ol a
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aranium plate it GO0 mcrtentangeie 22 s et e il A To0h o s pedcal DECCauiions, (i 3 one Jooks cad
ampatet of the plate. Flere asimncant shovk stem s sullv ar ahe stem swaagth i wme. i appeans o row more
e nctdent shock, The P20 Rbar remon oacks aan Simdly ot cariy tness men siows it Towh sienidl
Ll porton of the stenn g the ek har cotitonr e AOEN i B e e alb e e Ve Fiis
NAs o e retlected wase resten i i the siock Swars to be the tesnit ol nol g abie o resolve the
wave looks rather strusio i s regon, ere i vurag anulariy at e bevinnmye ot the cadeulation. Henee, at
e 1 the shook wirve and 4 more abvious contnuods kv trmes i the caleulatuon, the calcinaton appeiars o
pse 1 shock pressure as the witl i approdened. OVCTESTINALe The ~tem st and underesine the pres-

ure Ias proplen arpears [ooresoihve abhell m e
Althouel these cilculations ate rathet snaiear hog owes e ome caution shoued e e s e e
ward 1o complete and amalv /e, b subtle detatd exists at e SO oL Cariy results onn the st
Seemmng of the cacihition 5 How o recopv e the i

Y —— ———— e s e e s -

FIGERE S MESA CALCUT NTTON OF N 5 Rbar SHOCK ISNCHT)Y ST O
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Bosvnmnnu v, the bvdroode snutations e i guaah

A the donbie shor ked et b e poseata ity ot an
tnve areement wath the shock pola amady s glthoneh

thacnomy eoher the el soted o e ecstent <hock \L

the pressine values trome the hvdrocode tend oo oo theanoudence aoele approac e il e an it
omew hvat lower pressies than the estitmates boom shew b PIent cannet beoaed becanne the fiow bt the e
podar theory Dhe poossth annrie of thee sren teraon tongg of Hected whiex kb oigess ot Poothe e c e et
in these caloulations vaees e vy Cdepending on stder the e ke o of imatereal thar can teaed throueh the
the mcrdem shock pressure amd anele  The sial} prowth madent shox h and reac b the seconed sl betore it hus
mtples can be used to atonaleze the uswe of the quar i been desensanzed by the modew Juwk Thiowadih can

steady approxatation m e previons secion s range be estmated by assumng the e that the naienal s
ol angles s typieal for growth s of Mach stems seen the mckdent shock tepon musi bie e than ihe e
i dvmanunes and detondion experumene, © tahes tonthe explowve wbe dewensatizcd - We nned the
e estinte fooin Campbell and Toasoe ||.||\¢-|l fon
PHX 9404 because no desensanizaiion datoae avinlable
INLUATION ANAYL YIS on PRIXN 00 oy g 0 kb whow b oal Y pendence

Angtey the swadth ot e el i the second Gl b eeon

The precedmy anabvsaes boee hosen thar meenher jea contorime o thes coetnon o0 s e wheeh v h
Lac ow meegnba aetlecten, the poesare anphibnann analler dan the el contmed Lalore thckness d even
atbioentdy Luape to dianesncatly seduce the diegtanee o stallen than the tun o detomanon dieane e ton the pres
deromanon of aeshocked ssplosane T Toconsedenne the dite i the double shoe ked cxgdo ce peewr e o
porcainliy of tnipatne by el tetlecton many Pl i e e bar s e pratabadioy oideseloping:
e oany beopaded ont bec e e How belued the e i detomation because e et anty ndler than

ondd slew by el spersenne ad oany eocney releae the Gl vadme Y N ot ot enent e e

ded b et o st vt of the



PICCOIMPIESSEL CAIONI e D0 D0 CT wen studlea Do
HUITELON SCCTRINIO TRV DE U More imporant i more
sensitve explostves tthe PRX YN0 These lave muen
satttler pnlure thicknesses than Lo msensi e o
SEYUSL AN TIUCH TOWET TCRICNT S0k DICSSULes sl i
nuch i;llL‘.L'r criticitl angtes bl we were e to esaan
e the Mach retlecton redime, Wiere presnock was ot

(IS UG,

In Mach retlecuon, with suthicientiy elevared pres
sure behind 1t the stem propaeaies o unshocked oy
plosive and presents a hkelv icination case because the
cxplosive has not been acsensitized.  Another aspect ol
Aach retlection enhances the bkebhood of aateanon m
which maton can occur. e tosw el o e uon
ton ot the curved sShovck wave section is subsonne s
unplies that energy retease trom the shoched explosive
has a4 chance o1 remtorcie the shock wave and ot
bullding w a detonanon wave.

Vhe remanning requarernent s that the Mach stem
must be suthicientdy lanze. Closical shock polar analvsis
provides no stem growthntormauon i this carved siem
case. However, the hvdrocode caleulauons mdicated o
csrowth angle ot Tt i woudd imndy that it
non woukd occur atter a i of FEio 220 mm atong the
surtace of the uramum phate, depeodine on e shovk
pressute and anvle U aume this amtivae, s destened
the expenments o detect the wansiion tiom stock
detonanon when 10 kba plane shock an PRX 9N -
retlectd tram a tat wanin paoe wih an s adeng e
aple ol 107 and 20

FAPEFRIMENTAL RESUL IS

Lhe PBNX 95 e preces were v sided prosams
twee B o) Top and bottom surlaces detimed two
hotzontal planes 26 bmm o apant - Pwo o sudes denined
planes that were perpendicuta o the wop and botton
pliaes One ot the omer o ataees e am bie oo s
anpledar YO e the botom prane and was dehimed as the
obvervianon suttace The other surbace tlac kb o o wae
aphed at 307 o O wath resprect o the bottom plane and
was covered withoa Vo ek ananoom plate poonnhing
the retlectv e boundary 5 phane Sk swanve wacdonven
mto e bottonn of the posan asoh the plane e e artenna
tor syvastent shown i b

Fhe phave velocuy ol the wave alongt the arnm
sl oo the wulth ot the Mach o and the incddent
witve velinaty, pessuie, il provtion must e olnerved
w oban a compiets expeinmental tecotd of the expen
ment The shock armval e aalonge the aranmm anla e
(I s monored waith aosenies ot ame ol aonval pany
that we piaced at hnosen distances adonye the aramum
plue Fach omoeeported the tme o whnch the sheocck
teansnted Carote ke dooue s the aeasoom plite e
pived Lt the Bree suttac e e eanttcd the phasas veto iy
of the wave al the explostve el imtertac e trom thee
data by i the (low to be eady Woe obaned the
wideh g ard velosorty ot e Moach e meoas well e
the e ident Wave selos ite by e a mulopde <t anem
camera tes e The mtersecnon of s baces N gl I
ek ar bt "ot mbac e N vvete nhy o e arh o
ety alb e on Il.l'-ll LA bovw s mnera s owa, adien ol

U fecond G D0 TRESTE 2 @ U s ah el Ty Une o
e Mach stem and incaent shock Gt S ddterent tan
Jdistances o the explosive

FIGURE o PRX 9802 TEST PIFCE WITIH
PRANIUALPEANTES A TTACHHD

T oAl a welle - A2 TR "

HlGURe I PEAND e s DRINE R
SYSTEND U ST D Tey DINE N 80 nHOCK
INTO O e PSS et o gy s
EYINTENSTONS VR IS N DAINGE DL B

vhown i b S e the wliosck aanecal ones o the
wante . suttace tog the A0 expenment . Suaaght hne
tits show that the madent phase velovity assoctated wath
the propaeation of the et Mach e tlecion eoabout 600!
mnyies About 5 i b the corner, b ansition o
F4bmps oceis Suban tesudes fog the M imterae
non angle, also shown m Foe S, mdeae that the wave
decelerates tromeb O mittyy o D OS ey after tantat
g e aptaee o S0

Ta by e the dotmzed comera recond o the 10O
Hot and the smear Gunera ecord ot the ™S expenment
veoshown o B 1O b ach Sl onenged el
recond o the wave arnsal tune was ohtaned Lo ooon
tant b tanc e Tooame the baottonn apeban e ot b aean
Do e vccoaded gl v gl o sl e ele g o e e
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Lice. hese were used to oblan the veloeiy ol e g

dent shockh and thus to espmite the meident pressure.
Ihe Mach stem deveiopea at the uramum BN 9302 0

WILACE s revordaed sy e Sy arrival part of cadtt
mace, When the focation of the break 1 tie horizontl
trace was measured, the wadth of the Aach stem or deto-
nation tront could be esumated as i tunction ot run dis

tnce along the uranium plate, Assumng that the Mach
Stem s normal w the wiil a conservanve esumate tor the
Aach stem width can pe obiuned. The assumpuon thal
the Mach stem s normal 1o tiwe wall mav pe retaxea it
one s wilhine o accent a catculaed value tor this anime.
NMoch stem wadth date are plotted as 2 tancnon ol paosg

ton aione e uramum puiee e Lo 1 N osuahden
Cianee 1 wave widrhois associated with the mmnson o
detonauon. This s i sood aereement with the press

ously deseribed pin data, The Last shitrecoraed adetona
uon wave 7 mm wide o the S0 case and 7 nun wide
moihe MY case

HGURE X PIN DAL FOR SHOT Now ¢ 64
ANIYC vl

Fhe tsw o smea coaanera reconds cleary show e de
velopment ot curved Mach stems wrh prowith angles ot
7 amd Yo The tansation ocomred when the stem
reiached a width between ! and b mme i the 400 cane
and between 4 and 6 mm i the 50" case Atier the
s o, 4 detopabion wave s learnly observed wath o
prowth aaple of waowe than v the A0 imadent angle
cine and mote than 13 the M case We expect thi
thiy anrele s stronely inflyenced by corner turmmyg and
preshock descostzmon prxcesses [hese rans o deso
napon, ineasured from the dever svcteme e 1ol whia
e wonld expec trom exoapobinnge exestng ran to die
omation dita 1o the icwdent shock presre

PULECRTI B Y P PR
FIGURE » DIGETTZEDY SNIBEAR CAMERA
RECORD TOIR SHOD N ¢ odvin INCIDEN
STTOROR W AN 8 v S IS N

DISCUSSTON

Phese experunens demonstate that, 0 PN 950,
4 Lch retlection can wansi o 4 detonation 1o two
ditferent meident anetes  Diuneter ettect Jdatd b indicate
et a S mm radins nare suck of PRN 9S00 woulkd deto
nate at A 1 mnvies and a L mm v, nate stick deno
ey a7 62 anyps PLe il oy croones areee well
with these vilues Miimum wdth o1 the detonaton ob
served iy about oo and this s close o the talue
rachas ot 1S i tor PHX 950020 Pressure behind the
Mach stem was estimated gt Lol bhar tor 00 and
TOORDar ™ hued on the i ko Sodar theory Rgn
tord sionanon diedance tor . panar se appotied shiock
AU these pressite e ghout o and 13 amn resped
nvelv b Our experments aetamed the Shock pressires
much lonper than this However, the thinw behind the
Jdem o shock eosubstantoaily more compoaned tan that
tound i a wedee expeameni Theretore, the conditioas
wedetected are meapreement with one evpeenitions de
nved rom othet aspects ot exploave tebavpn Ree e
the shoch mmanon estmiates of where mntaton oceuns
appear 1o hold, vne wouid expect a mlnple shock
Lorest Fue anawdel o be able tc modet these problems ad
cquately  Calculaions® done by Bd Kobwer show that
this s indeed e and eeve extea esdens e it e me,
tons m these cases e due to the shock etlecam s
hute.

Fonther wark contmues on dus topre o the areas ol
ather explosive matereals, divervence cibectal the mel
dent shew ko wane, amd the eite ot convereent and diver
rent wall miertaces We e wane PRY 9501 100 aness
the unphicanon. ol thes aataton mechanea on oo h
ore sensitve exploave s Clacacal ananycs idicaes
that tor PRX 995001 1the anedes at st b Mach stem, b
come ftnportant e oabegt 0 ere eyt thoee of PIEN
NV ey Bec g et e Lo e limtannon



PO O DRANC SDOCK odduns are stnthicas BRI
Althougn ihe range ol possipie angies s sitiller. e -
uauon appears likely because the talure diumeter s muen
smmailer and the run o detoniton is stencanty shorer
dan tor that of PBX 93020 Ao tor PRX 9501, wome
SASEey OF ITHAUON DV Teg ki retlectog miy e possibie,

FIGURE 10, SMEAR CAMERA RIECOKD [-OR
SHIOT No C o580 INCIDENT SHOCK A AS 1
Kbar AT SO INCIDENCE. FOR 1TACH SUIT,
FIME IS INCREASING IN T VERTICNID
DIRECTION, THE OVEREXPOSURE QN HIE
STEM IN THE LAST FOUR SULUTS IS DUR TGO
THE BRIGHT FLASH RESULTING FRONM THE
DETONATION, AS COMPARED WITH 1HE
EXPOSURE OF THE INCIDENT SHOCK

Divergence can meeur m iwo diftetent wivs: the n
cident shock ¢ diverpe on the et boundary cancurve
away bomie the mcdent shock o both o1 wese cases,
compuuer amulanony show that the ormanon ol the
Aach stems s inhibined  Fypenmenes e curnentis be
g desipned o exanune these ettects We have onlv he
pun 10 tudy coitvereent peotettes tuat we expect wall
enlange the tormaton ol NLch ems

FIGURE 1L STEM WIDTH MEASUREMENTS
FOR ST Nos ¢ o496 AND O o543 THE
SOLID SOUARES  ARE STEM O WIDTHS
MEASURED FRONTHE NS N CALCULATION
OF THE REFLECTION OF A 32 Rbar SHOCK
INCIDENT AT L0 ON A URANTUMSURFACLE.

I summary, we have expermeniuly observed the
transition ol a Mach rerlectnon o g detonation o
PBX 9502, This imuation mechamsm can cadically re
duce the run o detonauon i explosive charees with
high impedance boundacies Clisacdd analvsis can
baund the wmctdent shock prssuies and aneles of Mach
tetlecnon mation  he resulnng shock contipurations
and hnowledize of explosive behuas or can e used 1o help
decide whether mimmanon s dikely However, growth
angle ad stem size imforniton v not tound by means ot
the classicit! analyse, Compuiet amubiions e usetul
o obrunine srow i anele estomates aml Forest e
modely can be oused 1o esanune the meianoen process
Fven sog there are suil mesn resolution problems o il
diess, and equanon ol staie cepeiadly sensinive
MECTals )y itonmanon tor the esplosne at low pressaies
will need to be retmed betore saimulanons ate reliable
Theretore, turther expermments amd vy will be nec
eanatry o completely descnie the imation coenon tor
shok ellecton from e smpedianee noundanes
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